Millimeter wave rotational spectroscopy and ab initio calculations are used to explore the potential energy surface of LiOH and LiOD with particular emphasis on the bending states and bending potential. New measurements extend the observed rotational lines to Jϭ7←6 for LiOH and J ϭ8←7 for LiOD for all bending vibrational states up to (03 3 0). Rotation-vibration energy levels, geometric expectation values, and dipole moments are calculated using extensive high-level ab initio three-dimensional potential energy and dipole moment surfaces. 
I. INTRODUCTION
Molecular structure plays a fundamental role in chemical reactions. The understanding of chemical bond lengths is learned essentially from the potential energy function for a radial coordinate and thus may be readily obtained from a variety of diatomic examples. Furthermore, the relatively small variation in internuclear distance generally encountered in a particular elemental pair reduces the incentive for detailed understanding with predictive power. Evaluation of the angular geometry and with it the potential energy function for angular coordinates is both more important and probably much more difficult. Since virtually all molecular geometries can be summarized by an angle of 135°Ϯ45°, it is clear that for a predictive utility, theories of angular potential functions must be accurate to a few degrees. It is indeed the angular geometry of stereochemistry that has been the target of numerous ad hoc models. 1 The explanations for the geometry of the water molecule play an important role in the development of the nature of directed valence. The H 2 O molecule is the simplest stable, readily studied polyatomic molecule. Since the general explanations of the 104°angle of HOH holds equally for XOXЈ, with X and XЈ arbitrary monovalent ligands, the similarity in angular geometry of a wide variety of molecules is used to establish the validity and power of the presented explanation. Clearly, it is equally useful to examine the instances in which the geometry of XOXЈ is very different than that of water. There are many systems in which the angle around oxygen is linear or near linear. For example, this is the most common angular geometry of Si-O-Si units in silicate crystals and Li-O-Li molecules in the gas phase. 2 The system just between bent H 2 O and linear Li 2 O is LiOH. The LiOH molecule was first studied in the gas phase by Freund, 3 who directly measured the l-type doubling transitions for v 2 ϭ1, 2, and 3 in the microwave region. McNaughton et al. 4 later studied LiOH and several isotopically substituted species at millimeter wavelengths by measuring its rotational spectrum in the ground state and in a number of the bending modes, but only included data for Jр5 and v 2 р2. These authors found LiOH to be linear at least to a first approximation. They also showed the difficulty in establishing the linearity of the minimum energy configuration from a pure rotational spectrum for systems suspected of having large amplitude oscillations.
Previous computational studies of LiOH range from geometry optimizations and harmonic frequency calculations [5] [6] [7] [8] [9] [10] to more complete potential energy surfaces and rotation-vibration state calculations. 4, 11 Early work by Pople a͒ Present address: Los Alamos National Laboratory, Los Alamos, New Mexico 87545.
and co-workers 6, 7 calculated geometries as a means to evaluate theoretical methods and basis sets. Gurvich et al. 12 have summarized computational and experimental work through 1996. Most recently, several groups have separately calculated various properties of LiOH, including its structure and heat of formation using high-level methods, large basis sets, and several levels of core electron correlation. 9, 10, 13, 14 McNaughton et al. 4 performed limited ab initio calculations of the bending potential, determining the optimal bond lengths for six LiOH bond angles at the MP3/6-311G** level of theory. The most extensive calculations were performed by Bunker et al., 11 who calculated the potential energy at 166 geometries using the average coupled pair functional ͑ACPF͒ method, fit the results to an analytic expression, and calculated the rotation-vibration energies using Jensen's morse oscillator-rigid bender internal dynamics ͑MORBID͒ variational approach on the full three-dimensional analytic surface. They also discovered that there is a large Li-O stretchbend interaction that results in an optimal LiOH structure that is bent when the Li-O bond is stretched.
The methodology of the present research is to generate an extensive data set of reliable experimental and fully ab initio results. In this paper, we present a combined laboratory and ab initio study of LiOH to further investigate its potential energy surface, paying particular attention to the bending potential and excited bending states. The experimental measurements were extended to include v 2 ϭ3 for both LiOH and LiOD, and Jϭ7 for LiOH and Jϭ8 for LiOD. The computational approach utilizes extensive coupled-cluster electronic structure calculations with core electron correlation and a large basis set to calculate the potential. The rotation-vibration energy levels of LiOH, LiOD, Li 18 OH, and 6 LiOH for the generated three-dimensional potential are calculated using the DVR3D package of Tennyson and co-workers. 15 The resulting energy levels are then compared to experiment through fitted molecular constants as a means to assess the accuracy of the potential.
II. EXPERIMENT

A. Experimental method
The rotational spectra of LiOH and LiOD were measured using one of the millimeter wave spectrometers of the Ziurys group that has been used to detect more than 70 new metal containing species. Detailed descriptions of these instruments have been given previously. 16 Briefly, the absorption experiment consists of a Gunn oscillator/Schottky diode multiplier source operating in the range of 65-650 GHz, a gas cell incorporating a Broida oven, and an InSb hot electron bolometer detector. Phase sensitive detection is achieved by FM modulation of the tunable radiation source followed by demodulation with a lock-in amplifier.
The LiOH and LiOD species were generated in a dc discharge reaction of Li vapor and the appropriate precursor: 50% H 2 O 2 for LiOH and D 2 O for LiOD. Lithium vapor was produced by resistive heating of solid Li in an alumina crucible lined with a steel sleeve. Without the sleeve, the experiment would not have been possible because Li reacts readily with the alumina crucible at high temperature. Although copious amounts of both LiOH and LiOD were produced without the aid of a dc discharge, the signals were even stronger in the presence of one, where the optimal conditions were typically 500-1000 mA and 3-20 V. A variable amount of Ar carrier gas was introduced to further optimize the signals as required. This production technique is quite different to those used by either McNaughton et al. 4 or Freund, 3 where Li 2 O was heated to 1400 K and then reacted with H 2 O or D 2 O and resulted in weak signals. In the work presented here, high signal to noise was achieved for all the modes observed, and with that, complete spectral coverage was possible across the entire working band pass of the instrument, which allowed for the collection of a more complete data set.
B. Experimental results
The rotational transitions measured for LiOH and LiOD in the X 1 ⌺ ϩ ground state are listed in Tables I and II . As these tables show, seven transitions were recorded for LiOH and eight transitions for LiOD in the frequency range 70-504 GHz starting from the lowest possible transition (J lower ϭl) in each case. This approach allowed the unambiguous assignment of the rotational spectrum in each vibrational mode because J must be greater than or equal to l. The lines, for example, associated with the (03 3 0) mode disappear in the Jϭ3←2 transition. The same effect was observed for the (02 2 0) and the (01 1 0) modes as well. Moreover, this restriction verified the position of the (02 0 0) mode because its lines have a similar intensity to those of the (02 2 0) mode and they are seen all the way through the Jϭ1←0 transition. Spectra for v 2 ϭ0, 1, 2, and 3 were measured for both LiOH and LiOD.
Figures 1 and 2 are stick diagrams illustrating the progression of the vibrational modes as a function of frequency within the Jϭ5←4 rotational transition of LiOH and LiOD near 352 and 317 GHz, respectively. As these figures illustrate, the line intensities drop off considerably with increasing v 2 quantum number. Using the calculated vibrational energies listed in Table XI , a vibrational temperature of about 400 K is typically found under normal experimental conditions. In LiOH, the v 2 progression occurs towards lower frequency of the ground ͑000͒ state, indicating that the rotationvibration term ␣ 2 Ͼ0, and it is fairly regular for the states with v 2 ϭl. The l-type splitting is sufficiently large in the (01 1 0) and (03 1 0) modes that the upper l-type component in these cases lies to the high frequency side of the ͑000͒ line. The (02 2 0) mode is split by a much smaller amount, and the l-type doubling could not be resolved in the (03 3 0) mode for any of the measured transitions. The (02 0 0) mode is shifted by over 1 GHz higher in frequency from that of the centroid of the (02 2 0), indicating some degree of anharmonicity in the potential. The rotational constant decreases essentially linearly with v 2 , indicating a strong cross anharmonicity between v 2 and v 3 . The (02 2 0) state is bent more than the (02 0 0) state. For LiOD, the vibrational progression begins at the higher frequency of the ͑000͒ state, indicating a small negative value for ␣ 2 , but reverses at the (03 3 0) mode owing to high-order terms in the vibration-rotation interaction. The l-type doubling in the (01 1 0) state is large enough to place the lower component of the doublet on the low fre-quency side of the ͑000͒ line. The l-type splitting of (02 2 0) is again much smaller, but in this case the (03 3 0) doublet is resolved in all the observed transitions; these features are shown in the inset. Like LiOH, the (02 0 0) line for LiOD is shifted by more than 1 GHz from the centroid of the (02 2 0) doublet. 
C. Experimental analysis
The rotational data in all of the observed vibrational states for LiOH and LiOD were analyzed using a standard linear molecule Hamiltonian consisting of rotation, centrifugal distortion, and l-type interactions ͑see Ref. 17͒. The resulting spectroscopic constants are given in Table III . The data for both molecules in their respective ͑000͒ and (02 0 0) modes were fit with only two parameters, B and D, while the remaining vibrational modes also required two l-type doubling parameters, q and q D . In addition, several high-order centrifugal distortion terms were necessary to obtain an acceptable fit for LiOD.
Using the rotational constants determined for each bending vibration, the vibrational progression was modeled with the following expression:
where B (0,v 2 ,0) is the rotational constant per v 2 state, B e ϭB e Ϫ 1 2 (␣ 1 ϩ␣ 3 ) is the effective equilibrium rotational constant, ␣ 2 and ␥ 22 are the vibration-rotation interaction constants, and ␥ ll is the l-dependent vibration-rotation interaction constant. The ␣ 2 , ␥ 22 , and ␥ ll parameters determined from Eq. ͑1͒ are given in Table IV, 
III. COMPUTATIONAL
A. Computational methods
The three-dimensional potential energy surface ͑PES͒ for LiOH was calculated at the coupled-cluster level with single and double excitations and perturbative contributions of connected triple excitations ͓CCSD͑T͔͒. Preliminary CCSD͑T͒ geometry optimization calculations were performed to determine the optimal basis set to use, the effect of core electron correlation, and the effect of basis set superposition error ͑BSSE͒ on the computed geometries and energies of LiOH. A three-dimensional dipole moment surface was also calculated using second-order Møller-Plesset perturbation theory ͑MP2͒. Electronic structure calculations were performed using MOLPRO2000. 18, 19 To gauge the quality of the PES by making comparisons to the current and previous ex- perimental results, the energy levels, transition frequencies, and various expectation values for LiOH, LiOD, Li 18 OH, and 6 LiOH were calculated using the DVR3D package of Tennyson and co-workers. 15 The atomic basis sets used for the preliminary calculations were the correlation-consistent polarized valence, cc-pVnZ͑vnz) and correlation-consistent polarized corevalence, cc-pCVnZ͑cvnz), 20 basis sets of Dunning and co-workers, 21, 22 and these sets augmented with diffuse functions for O and H, aug-cc-pVnZ͑avnz) or aug-ccpCVnZ͑acvnz). For the core-valence basis sets cvnz and acvnz, calculations were performed using sets of double-, triple-, and quadruple-zeta ͑the highest available͒ quality, while for the vnz and avnz basis sets the quality ranged from double to quintuple zeta. Because there are no diffuse functions available for the Dunning basis sets for Li and no corevalence sets for H the total basis used for LiOH in each case is labeled by the set used for the O atom with the understanding that Li and H used the closest available basis set.
CCSD͑T͒ calculations were performed at the frozen-core approximation and with all electrons correlated. In addition, a single geometry optimization at the Hartree-Fock/acvqz level was performed to determine the effect of completely ignoring electron correlation has on the geometry and binding energy of LiOH. Binding energies for the optimized geometries were calculated relative to the ground state atoms by subtracting the atomic energies calculated in the atomic basis from the molecular energy. The energetic effect of BSSE was calculated by using the counterpoise ͑CP͒ method 23 with the non-CP optimized geometry. Selected geometry optimization results are listed in Table V Table V the effect of BSSE as estimated using the CP correction, which for the acvqz basis set amounts to just 0.31% of the total binding energy. The best calculations using the acvqz basis yield an equilibrium Li-O bond length of 1.5805 Å and an equilibrium O-H bond length of 0.9483 Å. These results are in good agreement with the most recent reported LiOH calculations. 9, 10 Included in Table V are results for HartreeFock level calculations using the acvqz basis set. These calculations result in a binding energy that is 64% of the CCSD͑T͒ binding energy as well as Li-O and O-H bond lengths that are somewhat shorter.
Based on the results of the preliminary calculations, the full three-dimensional CCSD͑T͒ potential energy surface was calculated with the acvqz basis set utilizing full electron correlation with no counterpoise correction. The potential was calculated in a Jacobi coordinate system with R the distance from Li to the center of mass of OH, r the OH bond length, and the angle between R and r with ϭ0 defined as the linear Li-OH arrangement. Calculations were performed on a grid of points with ten values of r ranging from 0.6 to 1.8 Å, eight values of R from 1.1 to 3.0 Å, and ranging from 0°to 180°in increments of 15°for a total of 1040 geometries. 24 As with the optimized geometry binding energies, the potential at each point is taken as the difference between the LiOH energy and the ground state energies of the individual atoms calculated with the atom's basis set.
Interpolation of the potential was performed using a three-dimensional cubic spline routine. 25 To ensure a smooth and accurate interpolation in the R coordinate additional points were generated by fitting the ab initio points for each r and combination to an analytical potential function in R,
where V OH (r) is the potential energy of OH calculated in the same manner as the LiOH potential energy, and then using this function to produce points on a finer spacing over the range Rϭ0.9-3.0 Å. 26 Additional points at rϭ0.5 Å were generated by fitting the r dependence of V(R,r,) for each ͓R,͔ combination to a simple quadratic expression using the rϭ0.6, 0.7, and 0.8 Å points as input. The spline routine uses a natural spline at both ends of the r range and the outer end of the R range, a constraint that the slope of the potential be zero in the direction for ϭ0°and 180°, and a constraint that the slope in the R direction at the inner end of the R range be determined by fitting the inner two points to an exponential expression in R, A exp(Ϫ␤R), and taking its slope at Rϭ0.9 Å. Because a square grid of potential points was used, some of the input geometries were in areas of tremendous atomic repulsion with correspondingly high potential energies, and these points caused problems with the cubic spline interpolation, therefore any potential energy greater than 5ϫ10 5 cm Ϫ1 was scaled on input to lie between 5 and 10ϫ10 5 cm Ϫ1 using the formula V scaled ϭ5 ϫ10 5 (1 -5ϫ10 5 /V unscaled )ϩ5ϫ10 5 . The potential subroutine also shifts the center of mass used for OD or 18 OH in their respective calculations.
The dipole moment surface was calculated at the MP2 level using the acvqz basis set on the same grid of points as the ab initio potential calculation with all electrons correlated. 24 A fixed orientation with the z axis directed along the OH bond was used in the MP2 calculations, although for the dipole expectation value calculations described later the calculated dipole components were rotated into the inertial frame by diagonalizing the moment of inertia tensor for each geometry calculated. The dipole surface was interpolated using the same cubic spline routine as the potential, but this time a natural spline was used for both ends of the r and R range while the same constraint of zero slope at ϭ0°and 180°was used. No extra points were necessary because the dipole surface is smooth enough for a cubic spline to interpolate accurately on the calculated grid.
Rovibrational energy levels of LiOH, LiOD, Li 18 OH, and 6 LiOH for the CCSD͑T͒ potential surface were calculated using the DVR3D program suite. 15 This package uses a discrete variable representation ͑DVR͒ method in all three coordinates to calculate the energy levels, wave functions, and expectation values of triatomic molecules. It employs a two-step process in which the program DVR3DRJZ 
By default DVR3D takes as input the number of DVR points and the Morse parameters r e , D e , and e describing the basis for each radial coordinate and determines the points to use for that coordinate. To test convergence in terms of range and/or number of DVR points, D e was held fixed while r e and e were chosen so that the inner and outer radial limits for a given number of DVR points matched the values desired. Convergence characteristics were determined by performing extensive calculations in which the number of DVR points in each coordinate and the inner and outer limits for the radial coordinates were varied. In addition, the number of basis functions in the final Hamiltonian for DVR3DRJZ and the number of energy levels to be kept and used as input to ROTLEV3 were varied. Results for Jϭ0, 1, and 2 were used to determine B and D for the ͑000͒ and (02 0 0) states to gauge the convergence of predicted spectroscopic constants in addition to the convergence of absolute energy levels. Convergence to 0.0003 cm Ϫ1 in absolute energy, 10 kHz in B, and 0.3 kHz in D was achieved using a DVR grid of 50 points in R between 1.1 and 3.0 Å, 40 points in r between 0.6 and 1. lated using the PES from Bunker et al. 11 in exactly the same manner described above for the current PES.
B. Computational results
Although the PES and rotation-vibration calculations use a Jacobi coordinate system, for discussion of the results it is physically clearer to use the LiOH valence coordinates r(LiO), r(OH), and , the deviation from linearity for the Li-O-H bond angle. 27 The global minimum on the spline interpolated surface is Ϫ74 014 cm Ϫ1 and occurs at r(LiO) ϭ1.5805 Å, r(OH)ϭ0.9489 Å, and ϭ0°. This is an OH bond length 0.0006 Å longer than the optimized structure listed in Table V . This slight structural difference amounts to only a 3 MHz difference in rotational constant for a static structure. A contour diagram of the CCSD͑T͒ PES as a function of Li position relative to the center of mass of OH for r(OH) held fixed at its equilibrium distance of 0.9489 Å is shown in Fig. 5 . The minimum in the potential occurs in the linear Li-O-H configuration and there is a wide, flat trough in the bending potential about this linear configuration.
Details of the minimum energy path as a function of are presented in Fig. 6 . Figure 6͑a͒ shows the energy along the minimum energy path and illustrates the monotonic increase in the potential from ϭ0°to 180°as well as the flatness of the potential from ϭ0°to 90°. The value of r(LiO) stays roughly the same from ϭ0°to 120°but r(OH) lengthens dramatically over this same range and then decreases dramatically as approaches 180°. Note the minimum energy configuration for ϭ180°is O-H-Li, which calculations show is 44 994 cm Ϫ1 lower in energy than the configuration O-Li-H. Figure 7 shows a comparison with the calculations of Refs. 4 and 11 over the range ϭ0°-90°and it can be seen that the current PES falls between the previous two in terms of the bending potential and structure over this range. The analytic PES of Ref. 11 was derived from ab initio calculations over the range 1.41 рr(LiO)р1.81 Å, 0.78рr(OH)р1.18 Å, and 0°р р90°, which is a smaller range than the current calculations but the analytic form allows for extrapolation. Extrapolating beyond ϭ90°results in good agreement in terms of energy, which at ϭ180°is 3.5% higher relative to equilibrium than the current PES; however, it results in disagreement in terms of the optimal bond lengths, with r(LiO) decreasing to 1.5540 Å and r(OH) increasing to 0.9930 Å at ϭ180°.
The interesting effects of stretching r(LiO) or r(OH) are shown in Figs. 8 and 9 , respectively, where it is shown that the minimum energy structure of LiOH becomes bent as either r(LiO) or r(OH) is stretched. The effect for r(LiO) was first reported by Bunker et al. 11 but this is the first report of a similar effect for r(OH). The molecule stays linear until r(LiO)ϭ1.7259 Å and then approaches a tetrahedral angle as r(LiO) approaches 3.0 Å. The difference in energy between the linear configuration and the bent configuration is shown in Fig. 8͑b͒ . By r(LiO)ϭ3.0 Å the bent form is 2636 cm Ϫ1 more stable than the linear form. Figure 8͑c͒ shows that the optimal value of r(OH) changes as well, rising from 0.9489 Å at equilibrium to 0.9643 Å at r(LiO)ϭ3.0 Å. The latter value is quite close to the r e value of 0.9644 Å calculated for OH Ϫ using the same basis and method as LiOH. The analytic PES of Ref. 11 is in good agreement in all aspects with the current PES, even in the extrapolated region with r(LiO)Ͼ1.8 Å, with the change from linearity occurring 0.0177 Å earlier and the bent structure being 2660 cm from that of r(LiO). A local minimum on the PES develops in the bent configuration at r(OH)ϭ1.2900 Å while the linear minimum persists until r(OH)ϭ1.3939 Å, so for a short distance there are two minimums. The change from linearity occurs at r(OH)ϭ1.3095 Å, when the bent minimum becomes lower in energy than the linear minimum and it is seen as a discontinuous jump in Fig. 9 . By r(OH)ϭ1.8 Å the optimal value is 103°, the optimal r(LiO) is 1.6894 Å, and the bent configuration is 2940 cm Ϫ1 lower in energy than the linear configuration. The PES of Ref. 11 predicts qualitatively similar behavior even though the change from linearity begins well beyond their calculated r(OH) region.
To gauge the quality of the PES a comparison is made to the experimentally determined molecular constants by determining theoretical constants using the same program and same transitions used to determine the experimental constants. This approach is favored over a direct comparison of transition frequencies because even a slight difference in rotational constant can lead to a systematic disagreement between experiment and computation that masks the true quality of the PES. In addition, the fitted constants each probe a different aspect of the PES, with the rotational constant probing structural agreement and the distortion constants probing the stiffness of the PES. Table III lists the experimentally and computationally determined rotational, distortion, and effective l-doubling constants for the current experiment. The agreement is excellent, with the computed rotational constants typically 0.3% too low and the computed distortion constants typically 0.2% too low. Also listed is the shift in B with vibrational level, ⌬B. The computed values are within 8.5 MHz of the experimental values. The l-doubling constants are also well predicted, with the computed values typically within 0.75% of the experimental values. Larger relative discrepancies start to appear for the higher-order constants that have values in the kHz range, which is pushing the limits of the current calculations' numerical convergence. The l doubling in the (03 3 0) state of LiOH is unresolved in the current experiment but was measured directly by Freund for Jϭ6 -12.
3 Table VII lists the observed and predicted transition frequencies of this state as an illustration of how well the current calculation can predict these small splittings.
Also listed in Table III within 0.3% to greater than 30% of experiment for LiOH, with the range for LiOD even greater.
Previous experimental studies 3, 4 of LiOH have reported rotational lines for vibrational states and isotopomers not included in the current experimental work but useful for comparison with the current calculation. Table VIII lists the experimental and theoretical constants for these species and vibrational states as well as for several vibrational states of LiOH and LiOD that have not been observed experimentally but are used in the structure determination below. Predicted isotope shifts relative to LiOH for B (000) are within 0.8% of the experimental values. The vibrational shifts for the ͑100͒ and (12 0 0) states of LiOH are predicted to within 0.6%, but those for the ͑001͒ and ͑101͒ states are too high by 55% and 20%, respectively. Given the level of agreement between experiment and theory up until this point, it is probable that the experimental values for ͑001͒ and ͑101͒ are in error. 28 Vibration-rotation interaction constants provide another measure of the quality of the PES by probing the elasticity at longer ranges than the distortion constants. Table IV lists the experimental and theoretical constants determined using Eq. ͑1͒ from the states studied in the current experiments. The level of agreement is excellent, including the large change in ␣ 2 upon deuteration, indicating that the PES reproduces the bending potential accurately even for the large amplitude vibrations in the (03 l 0) states. Table IX lists constants determined using a variety of expanded data sets fit to 
The first two columns list experimental and theoretical constants determined using B v values for all experimentally measured vibrational states of LiOH. The disagreement for the ͑001͒ and ͑101͒ states noted earlier is apparent in the large differences between the experimental and theoretical values for ␣ 1 , ␣ 3 , and ␥ 13 . Although the B v shift is well predicted for the ͑100͒ state, the value of ␣ 1 is quite far off due to the influence of the large experimental ␥ 13 value. The next four sets of constants presented in Table IX are determined from a mix of experimentally measured and theoretically predicted states for LiOH and LiOD and are used to derive a semiexperimental equilibrium structure later in this paper. The theoretical constants are fit using a data set that includes the (02 0 1) state in order to determine the value of ␥ 23 . The experimental constants are fit by removing the questionable states ͑001͒ and ͑101͒ from the experimental LiOH data set and fixing the undeterminable constants for either LiOH or LiOD to their theoretical values. The agreement between experiment and theory for ␣ 1 is much better for this data set.
Finally we compare the charge distribution parameters observed with the calculated values. Table X lists the experimentally determined dipole moments and quadrupole coupling constants as well as the calculated dipole moments of several vibrational states. The calculated a dipole components show excellent agreement with experiment, falling within 0.5% for LiOH and 0.9% for LiOD of the experimentally measured values. There is a slight increase in dipole moment with the LiO stretching vibration but a significant increase in the dipole moment with the bending vibration, and as such this is an excellent test of both the calculated dipole moment surface and the PES. This variation with vibrational state follows what is expected given the variation of the calculated dipole moment with and r(LiO) presented in Fig. 10 . Although the current calculation does not include quadrupole coupling effects, it is interesting to note the experimental 7 Li quadrupole coupling constant increases significantly with bending vibration, indicating a dependence of the electric field gradient at the 7 Li nucleus on the bending angle.
The calculated ground state energies are Ϫ71 240 cm
Ϫ1
for LiOH and Ϫ71 849 cm Ϫ1 for LiOD, giving zero-point energies of 2774 and 2165 cm Ϫ1 for LiOH and LiOD, respectively. 
IV. DISCUSSION
One particular interesting finding is that LiOH exhibits a positive rotation-vibration interaction constant ␣ 2 for the respective bending modes, and the value for LiOD is negative; a negative value is expected for linear polyatomic species. 33 The usual negative value, however, does not seem to be typical of the M OH species. A positive ␣ 2 is consistent with the alkali hydroxide species NaOH, 34 KOH, 35 RbOH, 36 and CsOH, 37 the alkaline earth hydroxide radicals MgOH, 17 CaOH, 38 SrOH, 38 and BaOH, 38 as well as AlOH. 39 Each of these species undergoes a significant isotope shift when the hydrogen is replaced by a deuterium. In every case the value of ␣ 2 decreases, but only in the cases of CaOD, 40 MgOD, 17 AlOD, 39 and LiOD does the value become negative as expected. Lide and Matsumura 41 have attributed this large isotopic shift to an anharmonic contribution in the vibrationrotation interaction term ␣ 2 , which dominates for the light M OH species. This is primarily attributed to the low mass of the hydrogen atom and the relatively weak M -O bond. Additionally, there seems to be a trend moving up the periodic table on the magnitude of the isotope shift. Comparing the values in Table IV for LiOH/D with those previously reported for KOH/D, RbOH/D, and CsOH/D the isotope shifts are Ϫ191, Ϫ34, Ϫ22, and Ϫ16 MHz, respectively, while for MgOH/D and CaOH/D they are Ϫ114 and Ϫ32 MHz, respectively. In each case the value decreases with increasing mass number on the metal atom. For the LiOH/D system the experimental values of ␣ 2 are well reproduced theoretically, as may be seen in Table IV .
Determination of the structure of LiOH is complicated by the large amplitude bending motion exhibited in all vibrational states and by the differences in bending amplitude between LiOH and LiOD for the same vibrational state. Several different methods have been used to determine the vibrationally averaged and equilibrium bond distances using purely experimental and mixed experimental and theoretical data. Both r 0 and r e bond distances for LiOH/D have been calculated using purely experimental data and are listed in Table XII along with those for other M OH species for comparison. The r 0 bond lengths are calculated by using the B (000) rotational constants, while the B e values from Table  IV are used for the determination r e . The r 0 calculation does not account for zero-point vibrational motion; therefore the values represent the average projection of the vibrating molecule onto the inertial axis. The r e values account for some of the zero-point vibrational motion. As the table illustrates, there is a significant difference between these values for all the M OH species listed. In the case of MgOH, the O-H r 0 bond length is 0.069 Å shorter than the r e value ͑0.940 Å͒. This difference likely arises because MgOH is quasilinear, and the shortened r 0 bond distance is thought to be a dynamic effect caused by a quartic potential with a low barrier across the C ϱv axis. 17, 42 For LiOH, the minimum on the potential energy surface corresponds to a linear configuration, but owing to a nearly flat potential to 90°, LiOH exhibits large amplitude oscillations that are consistent with its O-H r 0 bond length being much shorter than its O-H r e bond length.
To determine an equilibrium structure for LiOH that is not artificially contaminated by vibrational effects, data from experiments and calculations have been combined and the resulting r e values are listed in Table XII 4 In particular, their O-H equilibrium bond length is 0.9691͑21͒ Å and their Li-O equilibrium bond length is 1.5816͑10͒ Å; these are 0.02 and 0.004 Å longer, respectively, than those determined in the current study. The Li-O discrepancy is not major, but the O-H discrepancy is, particularly in light of discussions on the nature of bonding in LiOH and the nature of the OH fragment within LiOH. In addition, several recent computational papers on LiOH have used the McNaughton r e values as an experimental comparison for the calculated LiOH structure, and in each case the calculated values have been ϳ0.02 Å shorter than the McNaughton values. 9, 10, 13, 14 Although the McNaughton values are taken as experimental values, it should be remembered that they were derived using a semirigid bender model fit to the experimental data and while adjustments were made to account for the different vibrationally averaged O-H distance upon deuteration, no adjustment was made for the different bending amplitude. This may lead to significant error in the O-H equilibrium bond length determined by this method. Also listed in Table  XII are r e values for other alkali hydroxide species determined from experiment for KOH, 35 RbOH, 41 and CsOH, 41 and from ab initio calculations for NaOH. 43 In each case the O-H r e values are 0.02-0.03 Å shorter than the values determined using the semirigid bender method. 44 Given this, and the excellent agreement between theory and experiment in the current study, we conclude the O-H equilibrium bond distance in LiOH is 0.949͑2͒ Å.
As mentioned in the Introduction, LiOH is the molecule that lies between bent H 2 O and linear Li 2 O, and therefore it is instructive to compare these three molecules in terms of structure and bonding. Breckenridge and co-workers have performed extensive spectroscopic studies [45] [46] [47] of Li 2 O and have found it to be a ''very 'floppy' ionic molecule.'' 46 Using dispersed fluorescence and stimulated emission pumping 47 they have determined its Li-O r 0 bond length to be 1.611͑3͒ Å, 0.017 Å longer than the r 0 bond length determined here for LiOH. They did not experimentally determine an r e bond length, but Koput and Peterson 48 calculated an r e for Li 2 O at the CCSD͑T,Full͒/cc-pCVQZ level of 1.6159 Å, 0.040 Å longer than the r e calculated for LiOH at the same level in this study ͑see Table V͒ . This apparent discrepancy between differences in r 0 and r e values is most likely due to dynamic effects; r 0 is a measure of the Li-O bond's projection onto the inertial axis, and in the case of LiOH the inertial axis closely follows the Li-O bond whereas for Li 2 O the Li-O bond would make a substantial angle with the inertial axis as it undergoes large amplitude bending vibrational motion. The O-H r e distance in H 2 O is 0.958 Å, 49 0.009 Å longer than the r e determined here for LiOH. In fact, the O-H r e of 0.949 Å in LiOH is substantially shorter than either the hydroxyl radical, r e ϭ0.970 Å, 50 or the hydroxide anion, r e ϭ0.964 Å. 51 The O-H stretching frequency is blueshifted considerably from these as well, with the calculated fundamental frequency for LiOH equal to 3829.8 cm Ϫ1 , while it is measured to be 3755. 8 51 These differences between the OH in LiOH and the hydroxyl radical or the hydroxide anion challenge the simple view of LiOH as either an undistorted ionic molecule comprising Li ϩ (OH) Ϫ , or of Li interacting with some combination of OH between OH radical and OH Ϫ . Further evidence against the simple ionic view is the fact that Hartree-Fock level calculations, which should do well for electrostatic interactions, recover only 64% of the CCSD͑T͒ binding energy.
In terms of angular rigidity, the valence field bending force constant k ␦ /l 1 l 2 derived using the theoretical bending vibrational frequency and theoretical ͑000͒ structure for LiOH is 2.98 N/m, and for Li 2 O and H 2 O k ␦ /l 2 is equal to 1.37 ͑Ref. 47͒ and 70.3 ͑Ref. 54͒ N/m, respectively. Comparing to other XY Z linear triatomic molecules, k ␦ /l 1 l 2 is equal to 20 and 37 N/m for HCN and OCS, respectively. 54 Clearly, LiOH is much closer in nature to Li 2 O than H 2 O and is considerably more floppy than typical linear triatomic molecules.
Excellent agreement is shown with the results of rotation-vibration calculations using a three-dimensional ab initio PES for vibrations involving up to three quanta in the bending mode. Moreover, the charge distribution as seen by the electric dipole moment is also in excellent agreement. We may thus examine the origin of the potential. Perhaps the simplest explanation of the linearity of LiOH is that of elementary electrostatic repulsion of Li ϩ and H ϩ . Figure 11 shows the calculated potential along the angular minimum energy path as a function of 1/r(Li-H). It is noteworthy that indeed the bending potential is a linear function of 1/r(Li-H) up to a bond angle of at least 90°. If the bending potential is due to electrostatic repulsion between the partial Li and H charges, the slope of this line would give the product of the partial charges. The value obtained by fitting the slope is 0.23e 2 , which falls somewhere between the product of partial charges calculated using either Mulliken or Natural population analysis at the MP2/acvqz level. For r(LiO) greater than 1.72 Å and r(OH) greater than 1.30 Å, the configuration of minimum energy is no longer linear. This indicates that the view of the bending potential as due to the electrostatic repulsion between Li and H is too simple. This is perhaps the point at which the electrostatic repulsion no longer dominates the orbital effects. Unfortunately, current experiments do not sample the bond lengths at which this structural change takes place, which is calculated to occur at v 1 ϭ7, more than 6100 cm Ϫ1 above the ground state, or at v 3 ϭ10, more than 31 000 cm Ϫ1 above the ground state.
V. CONCLUSION
In summary, there is excellent agreement between the predictions of the proposed unadjusted potential energy surface from a high-level electronic structure calculation and the observed rotational transitions of a number of bending vibrational levels of LiOH and LiOD. We have predicted vibrational transition frequencies which further will test the reliability of the potential energy surface. In particular, the fundamental v 3 transition of LiOH is predicted to be almost 100 cm Ϫ1 above the v 3 transition of H 2 O. This prediction is essentially untested by the present experimental data. The soft bending mode v 2 is predicted to be a factor of 5 below that of H 2 O. In simplest view the linearity and soft angular rigidity of LiOH is fit by the model of Coulombic repulsion between Li and H.
